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Abstract The possible neutral D(∗)D¯(∗) and B(∗)B¯(∗)
molecular states are studied in the framework of the
constituent quark models, which is extended by includ-
ing the s-channel one gluon exchange. Using different
types of quark-quark potentials, we solve the four-body
Schro¨dinger equation by means of the Gaussian expan-
sion method. The bound states of D(∗)D¯(∗) with JPC =
1++, 2++ and B(∗)B¯(∗) with JPC = 0++, 1+−, 1++, 2++
are obtained. The molecular states D∗D¯ with JPC =
1++ and B∗B¯ with JPC = 1+− are good candidates for
the X(3872) and Z0b (10610), respectively.
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1 Introduction
Since 2003, more than twenty new meson states (called
XY Z particles) [1,2,3] have been observed by Belle,
BaBar, BES, LHCb and other collaborations in hadronic
final states that contain either a cc¯ or a bb¯ quark pair.
In general, the properties of these states do not match
to the expectations for any of the currently unassigned
cc¯ charmonium or bb¯ bottomonium states. A well es-
tablished one among these XY Z states is the X(3872),
which was first discovered in 2003 by Belle Collabora-
tion [4] in the pi+pi−J/ψ invariant mass spectrum in
B → Kpi+pi−J/ψ, and later confirmed by six other
experiments [5,6,7,8,9,10]. Its quantum number have
been studied by Belle, BaBar, CDF and LHCb, and de-
termined to be IGJPC = 0+1++ [11]. The most striking
feature of the X(3872 is the narrow total width about
1.2 MeV and the average mass 3871.69 ± 0.17 MeV,
which is extremely close to the D0D¯0∗ mass threshold
[12].
Most of XY Z states are unlikely interpreted as a
conventional cc¯ or bb¯ meson for their unusual proper-
ties. During past decades, various pictures like molecu-
lar state, compact tetraquark state, hybrid state, and so
on, have been proposed to explain the nature of them.
For explaining the structure of X(3872), the most pop-
ular explanation is the molecular state. Swanson [14]
proposed to interpret the X(3872) as a D0D¯0∗ molec-
ular state with JPC = 1++ which bound by both the
pion and quark exchange. However, no D0D¯0∗ molecu-
lar state was obtained in Ref.[14] if taking into account
only of one pion exchange between D0 and D¯0∗. Wong
[13] applied a quark-based model, which is similar to
add short-range quark-gluon force, to study the molec-
ular sates composed of two heavy mesons. They found
an S-wave D¯0D¯0∗ molecular state with binding energy
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about 7.5 MeV. Suzuki [15] believes that one pion ex-
change potential can not bind D¯0 and D0∗ to molecu-
lar state. Thomas and Close [16] found that the D0D¯0∗
can be a bound state, when the pion exchange between
charm and bottom mesons is considered. However, their
results are very sensitive to a poorly constrained pa-
rameter. In Ref.[17], the author also obtained D0D¯0∗
bound state when they systematically studied possible
DD¯, DD¯∗ and D∗D¯∗ molecular states by considered
the vector, pseudoscalar and scalar meson exchanges. In
the framework of a potential model generated by the ex-
change of scalar, pseudoscalar and vector mesons, which
based on the effective Lagrangian of heavy hadron chi-
ral perturbation theory, a D∗D¯∗ bound state was got
by Lee, Faessler et al.[18] as well. In Ref.[19], the au-
thors believe the X(3872) should be understood as a
molecular state of DD¯∗, and extrapolates this informa-
tion to make predictions of BB¯∗ molecules [20]. Gamer-
mann, Oset et al.[21] obtained a DD¯ bound state both
by a model using a chiral Lagrangian already used to
study flavor symmetry breaking in Skyrme models, and
another model by take into account a SU(4) symmet-
ric Lagrangian with heavy meson-exchanges. They also
analyzed the e+e− → J/ψDD¯, J/ψDD¯∗ reactions of
Belle, and found a hidden charm scalar meson with
mass around 3700 MeV [22], which is compatible with
the DD¯ bound state. In Ref. [23], Molina and Oset in-
terpreted the Y (3940), Z(3940) as molecular states of
D∗D¯∗ with quantum number JPC = 0++, 2++ and
X(4160) as a D∗sD¯
∗
s molecular state with J
PC = 2++,
respectively.
In constituent quark model, Vijande et al.[24] stud-
ied the four-quark system cc¯nn¯ by means of the hyper-
spherical harmonic formalism. However no bound states
have been found whether taking into account the ex-
change of scalar and pseudoscalar mesons or not. Yang
and Ping [26] systematically studied the DD¯, DD¯∗ and
D∗D¯∗ by means of the Gaussian expansion method
(GEM). No neutral bound state of D(∗)D¯(∗) was found
as well. Liu and Zhang [25] obtained a D0D¯0∗ bound
state in a chiral quark model with including pi, σ, ω and
ρ meson exchanges in it.
In nature only the colorless hadron is allowed, so
there is no one-gluon annihilation interaction between
quark and antiquark with the same flavor in a con-
ventional colorless qq¯ meson. However, the s-channel
one gluon exchange interaction can exist in the neutral
D(∗)D¯(∗) and B(∗)B¯(∗) system and maybe plays a im-
portant role for binding them, since the color structure
of a four-quark state is much richer than that of a qq¯
conventual meson. Based on the Bhaduri, Cohler and
Nogami model(BCN), Wang et al. [27] believe that the
s-channel one gluon exchange interaction is important
for binding a D∗D¯∗ molecular state, which is a good
candidate for the X(3872).
In this work, we would like to study the possible neu-
tral molecular statesD(∗)D¯(∗) and B(∗)B¯(∗) by two con-
stituent quark models, which are extended by including
the one-gluon annihilation interaction between uu¯ or dd¯
light quark pairs. We solve the four-body Schroo¨dinger
equation by means of GEM, which is a high accuracy
method for few-body systems developed by Kamimura,
Hiyama et al. [28] and extensively performed in study-
ing the mass spectrum of multi-quark system [29,30,
31,32,33,34].
This paper is organized as follows. After the in-
troduction, we present the extended constituent quark
models in Sec.2. The wave functions of D(∗)D¯(∗) and
B(∗)B¯(∗) are constructed by considering the isospin, to-
tal angular momentum, color and the Gaussian expan-
sion method and listed in Sec. 3. We summarize our
numerical results and perform some analysis in Sec. 4
and draw some conclusions in Sec. 5.
2 The Constituent Quark Model with s-channel
one Gluon Exchange
2.1 Bhaduri, Cohler and Nogami model
This quark model was proposed by Bhaduri and collab-
orators [35,36]. The Hamiltonian takes the form,
H =
4∑
i=1
(
mi +
p2i
2mi
)
− Tc.m. +
4∑
j>i=1
(V Cij + V
G
ij ) (1)
with
V Gij = αs
λci · λcj
4
(
1
rij
− 1
mimj
e−rij/r0
r20rij
σi · σj
)
, (2)
V Cij = λ
c
i · λcj (−acrij −∆), (3)
where rij = |ri − rj | and Tc.m. is the kinetic energy of
the center-of-mass motion. σ, λ are the SU(2) Pauli ma-
trices and the SU(3) Gell-Mann matrices, respectively.
The λ should be replaced by −λ∗ for the antiquark.
2.2 The chiral constituent quark model(ChQM)
The chiral constituent quark model(ChQM) [37] includes
Goldstone-boson exchange potential in addition to color
confinement potential and t-channel one-gluon-exchange
(OGE) potential between quarks (antiquarks). The chi-
ral partner, σ-meson exchange potential, is also intro-
duced here, although its effect is still in controversy [38].
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The Hamiltonian of the ChQM used here is given as fol-
lows,
H =
4∑
i=1
(
mi +
p2i
2mi
)
− Tc.m.
+
4∑
j>i=1
(V Gij + V
C
ij + V
χ
ij + V
σ
ij ), χ = pi,K, η, (4)
The OGE potential reads
V Gij = αs
λci · λcj
4
[
1
rij
− 2pi
3mimj
(σi · σj) δ(rij)
]
, (5)
where, Tc.m., σ, λ have the same meaning as the above.
In non-relativistic quark model, the function δ(rij) should
be regularized [39,40]. It reads
δ(rij) =
1
4pirij r20(µ)
e−rij/r0(µ), (6)
where r0(µ) = rˆ0/µ and µ is the reduced mass of the in-
teracting quark/antiquark-quark/antiquark pair, rˆ0 is
a parameter to be determined from the experimental
data. In non-relativistic quark model, the wide energy
covered from light to heavy quark requires an effective
scale-dependent strong coupling constant αs in Eq.(5)
that cannot be obtained from the usual one-loop ex-
pression of the running coupling constant because it di-
verges when Q→ ΛQCD. So one use an effective scale-
dependent strong coupling constant given by
αs(µ) =
α0
ln [(µ2 + µ20)/Λ
2
0]
, (7)
where µ0 and Λ0 are the parameters to be obtained by
fitting the normal meson spectrum.
A screened potential simulating the results of un-
quenched lattice calculations is given by
V Cij = λ
c
i · λcj {−ac(1− e−µcrij ) +∆}, (8)
where ∆ is a global constant to be fixed from experi-
mental data.
Due to the spontaneous breaking of original SU(3)L⊗
SU(3)R chiral symmetry at some momentum scale, the
Goldstone meson exchange occurs between quarks (an-
tiquarks). The potential takes the form
V piij = C(gch, Λpi,mpi)
m2pi
12mimj
H1(mpi , Λpi, rij)
× (σi · σj)
3∑
a=1
λai λ
a
j , (9)
V ηij = C(gch, Λη,mη)
m2η
12mimj
H1(mη, Λη, rij)
× (σi · σj)
[
cosθP (λ
8
i λ
8
j )− sinθP (λ0i λ0j )
]
, (10)
V σij = −C(gch, Λσ,mσ) H2(mσ, Λσ, rij), (11)
H1(m,Λ, r) =
[
Y (mr)− Λ
3
m3
Y (Λr)
]
, (12)
H2(m,Λ, r) =
[
Y (mr)− Λ
m
Y (Λr)
]
, (13)
C(gch, Λ,m) =
g2ch
4pi
Λ2
Λ2 −m2m, (14)
where Y (x) is the standard Yukawa function defined by
Y (x) = e−x/x and rest symbols have their usual mean-
ing. The chiral coupling constant gch is determined from
the piNN coupling constant through
g2ch
4pi
=
(
3
5
)2
g2piNN
4pi
m2u,d
m2N
, (15)
and flavor SU(3) symmetry is assumed.
2.3 s-channel one gluon exchange interaction
In the case of heavy-light meson and antimeson system,
the contribution of s-channel annihilation interaction
should be taken into account. The one-gluon annihila-
tion of light-quark and antiquark is shown in Fig. 1.
According to the Feynman rules, we can write down
q(pi , si ) q(pj , sj )
q(p’i , s’i ) q(p’j , s’j )
Fig. 1 The one-gluon annihilation diagrams for quark and
antiquark.
the T -matrix of the process
Tfi =
g2s
s
u¯(p′i, s
′
i)χ
†
c′
i
χ†f ′
i
λa
2
γµv(p′j , s
′
j)χc′jχf ′j
v¯(pj , sj)χ
†
cjχ
†
fj
λa
2
γµu(pi, si)χciχfi , (16)
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where s = (pi + pj)
2 and p is four-vector momenta;
u(pi, si), v(pj , sj) are the free Dirac spinors of ith quark
and jth antiquark; χc, χf represent color and flavor
wave function, respectively. After Fierz transformation
[41] of SU(n) group and taking the the lowest order in
the non-relativistic limit, the contributions from one-
gluon annihilation to the potential between quark and
antiquark in momentum representation can be written
as
V Anni−Gij (s) =
4piαs
s
1
4
(
16
9
− 1
3
λci · λ∗cj
)
×
(
1
3
+
1
2
fai · f∗aj
)(
3
2
+
σi · σj
2
)
. (17)
In coordinate space, and under the static approxima-
tion, s = (mi + mj)
2 = 4m2q (q = u or d quark), the
potential reads
V Anni−Gij (rij) =
piαs
4m2q
(
16
9
− 1
3
λci · λ∗cj
)
×
(
1
3
+
1
2
fai · f∗aj
)(
3
2
+
σi · σj
2
)
δ(rij). (18)
Here fa is SU(3) matrix in the flavor space. The factor
of first bracket represents that this interaction never oc-
curs inside color-singlet. Obviously, the last two factors
in the brackets mean that this interaction only occurs
when the q¯q pair is in the same flavor with spin S = 1.
This interaction is always repulsive in molecular states
of four-quark system, since the color matrix elements is
zero and − 143 in 1⊗ 1 and 8⊗ 8, respectively.
However, the earliest lattice simulations of gluon
propagator in the Landau gauge, by Gupta et al. [42]
were interpreted in terms of a massive particle propa-
gator. In order to study the I = 0 pipi and I = 12 Kpi
S-wave phase shift, Barnes and Swanson [43] modified
the gluon propagator by including an effective gluon
mass. To analyze the mixing of the scalar glueball with
scalar-isoscalar quarkonia states above 1 GeV [44], and
investigate mesonic content of the nucleon and Roper
resonance [45], the massive gluon propagator is also em-
ployed. So here we choose the gluon propagator [44,46,
47]
D(s) =
1
s−m2g
, (19)
wheremg is effective gluon mass, which should be larger
than the half of the bare glueball mass deduced from
lattice simulations. Typical values for the effective gluon
mass are in the range 0.6− 1.2 GeV [44].
After taking into account massive gluon propagator,
the Eq.(19) turns to be,
V Anni−Gij (rij) =
piαs
4m2q −m2g
(
16
9
− 1
3
λci · λ∗cj
)
×
(
1
3
+
1
2
fai · f∗aj
)(
3
2
+
σi · σj
2
)
δ(rij) (20)
Obviously, this interaction is attractive if mg > 2mq.
3 wave function
The total wave function of four-quark system can be
written as,
Ψ I,IzJ,Jz = |ξ〉 |η〉IIz ΦJJz , (21)
with
ΦJJz =
[|χ〉S ⊗ |Φ〉LT
]
JJz
where |ξ〉, |η〉IIz , |χ〉SMS , |Φ〉LTML represent color, fla-
vor, spin and spacial wave functions with quantum num-
bers: color singlet, isospin I, spin S and orbital angular
momentum LT , respectively.
The molecular states D(∗)D¯(∗) and B(∗)B¯(∗) system
can be conveniently classified in terms of total angular
momentum, J , parity, P and charge conjugation, C.
In this work we only consider the low-lying states, the
orbital angular momentum LT is set to 0. In this case
we have the following states for the D(∗)D¯(∗) system:
(i) Two states with JPC = 0++: [DD¯]0, [D
∗D¯∗]0,
where the subscript is total angular momentum J .
(ii) One states with JPC = 1++:
1√
2
(
[DD¯∗]1 + [D
∗D¯]1
)
and two states with JPC = 1+−:
1√
2
(
[DD¯∗]1 − [D∗D¯]1
)
and [D∗D¯∗]1
.
(iii) One state with JPC = 2++: [D∗D¯∗]2.
For the B(∗)B¯(∗) system, we replace theD mesons in
the above with the B mesons. The total spin function
|χ〉SMS and flavor function |η〉IIz can be easily con-
structed from the above expressions. For example, for
[D∗D¯∗]1,
|χ〉11 =
√
1
2
(|11〉|10〉 − |10〉|11〉)
=
1
2
(αααβ + ααβα − αβαα − βααα)
|η〉00 =
√
1
2
(D0D¯0 +D−D+) =
√
1
2
(uc¯cu¯+ dc¯cd¯).
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The spatial structure of molecular states are pic-
tured in Fig. 2. We define the relative coordinate as
following,
r = r1 − r2, R = r3 − r4, (22)
ρ =
m1r1 +m2r2
m1 +m2
− m3r3 +m4r4
m3 +m4
, (23)
and the center of mass coordinate is
Rcm =
4∑
i=1
miri/
4∑
i=1
mi, (24)
where mi is the mass of the ith quark(or antiqark).
Then the outer products of space and spin is
Fig. 2 The relative coordinates for the molecular state. Dark-
ened and open circles represent quarks and antiquarks, re-
spectively.
ΦJJz =
[[[
φGlm(r)χs1ms1
]
J1M1[
ψGLM (R)χs2ms2
]
J2M2
]
J12M12
ϕGβγ(ρ)
]
JJz
.(25)
Where χsms is spin wave function of normal meson
which is composed by quark-antiquark. The spatial wave
functions φGlm(r), ψ
G
LM (R), ϕ
G
βγ(ρ) are written as,
φGlm(r) =
nmax∑
n=1
cnNnlr
le−νnr
2
Ylm(rˆ) (26)
ψGLM (R) =
Nmax∑
N=1
cNNNLR
Le−ζNR
2
YLM (Rˆ) (27)
ϕGβγ(ρ) =
αmax∑
α=1
cαNαβρ
βe−ωαρ
2
Yβγ(ρˆ) (28)
Gaussian size parameters are taken as geometric pro-
gression
νn =
1
s2n
, sn = s1a
n−1, a =
(
snmax
s1
) 1
nmax−1
(29)
The expression of ζN , ωα in Eqs. (27)-(28) are similar
to Eq. (29).
The color wave function of possible molecular states
reads,
|ξ〉 = 1
3
(|rr¯rr¯〉+ |gg¯gg¯〉+ ∣∣bb¯bb¯〉+ |rr¯gg¯〉+ ∣∣rr¯bb¯〉
+ |gg¯rr¯〉+
∣∣gg¯bb¯〉+ ∣∣bb¯rr¯〉+ ∣∣bb¯gg¯〉) , (30)
4 Numerical results and discussion
The energy of meson composed of quark-antiquark, and
four-quark systemsD(∗)D¯(∗) , B(∗)B¯(∗) can be obtained
by solving the Schro¨dinger equation
(H − E)Ψ I,IzJ,Jz = 0 (31)
with Rayleigh-Ritz variational principle.
To study the spectrum of a four-quark state, one
believes that whether or not the state is bound is judged
by the threshold of two normal mesons, and the same
parameters should used in the calculation of normal
mesons and four-quark states [36,40,48,49,50].
For calculating spectrum of the normal meson, there
is only one relative motion between quark and anti-
quark, so the Eq.(26) is employed. The model parame-
ters of the ChQM and the BCN used in this work are
shown in Table 1, which they are got from Refs.[35,
36,37], respectively. The calculated results of normal
meson spectrum listed in Table 2 are converged with
nmax = 7, s1 = 0.1 fm and snmax = 2 fm, which are
discussed in detail in Ref.[29]. Obviously, the meson
spectrum in Table 2 calculated by GEM are agree well
with the experimental data [12] and Refs.[35,36,37].
Table 1 Parameters of two quark models. ChQM: the masses
of pi, η take the experimental values, mpi = 0.7 fm−1, mη =
2.77 fm−1; mσ , Λpi, Λη, θp are taken from Ref.[37], namely
mσ = 3.42 fm−1, Λpi = Λσ = 4.2 fm−1, Λη = 5.2 fm−1,
θp = −15o, g2ch/4pi=0.54. BCN: The parameters take from
Refs.[35,36]
Quark Model BCN ChQM
mu,d 337 313
Quark masses ms 600 555
(MeV) mc 1870 1752
mb 5259 5100
ac(MeV fm−1) 176.738 430
Confinement ∆(MeV) -171.25 181.1
µc(fm−1) - 0.7
αs 0.390209
α0 - 2.118
OGE rˆ0(MeV fm) - 28.17
r0(fm) 0.4545 -
µ0(MeV) - 36.976
Λ0 (fm−1) - 0.113
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Table 2 Numerical results of normal meson spectrum (in MeV) for the ChQM and BCN models. The column of BCN1 and
ChQM1 are taken from Refs.[35,36] and [37] respectively. The BCN2 and ChQM2 are calculated by GEM. The last column
takes from the latest Particle Data Group[12]
Meson BCN1 BCN2 ChQM1 ChQM2 Exp.
pi 170 137.5 139 153.2 139.57±0.00035
K 537 521.4 496 484.9 493.677±0.016
ρ(770) 777 779.6 772 773.1 775.49±0.34
K∗(892) 905 907 910 907.7 896.00±0.25
ω(782) 777 779.6 691 696.5 782.65±0.12
φ(1020) 1018 1018.5 1020 1011.9 1019.422±0.02
ηc(1s) 3046 3040 2990 2999.7 2980.3±1.2
J/ψ(1s) 3102 3098 3097 3096.7 3096.916±0.011
D0 1891 1886.7 1883 1898.4 1864.84±0.17
D∗ 2021 2021.3 2010 2017.3 2006.97±0.19
Ds 2001 1997 1981 1991.8 1968.49±0.34
D∗s 2103 2102.3 2112 2115.7 2112.3±0.5
B± 5304 5302 5281 5277.9 5279.15±0.31
B0 5304 5302 5281 5277.9 5279.53±0.33
B∗ 5352 5351.5 5321 5318.8 5325.1±0.5
B0s 5376 5373.1 5355 5355.8 5366.3±0.6
B∗s 5416 5414.5 5400 5400.5 5412.8±1.3
ηb(1s) 9431 9422.2 9454 9467.9 9399.0±2.3
Υ (1s) 9448 9439.5 9505 9504.7 9460.30±0.26
Generally, the binding energy of the four-quark sys-
tem is defined by
∆E = ET − Eth. (32)
with
Eth = EM1 + EM2
where EM and ET represent the energy of Qq¯ (Q =
c, b and q = u, d) and Qq¯qQ¯ systems, respectively. If
∆E < 0, then the system is stable against the strong
interaction. According to the Table 2, the thresholds
of S-wave D(∗)D¯(∗) and B(∗)B¯(∗) of ChQM and BCN
models are listed in Table 3.
Table 3 Threshold energies (in MeV) of S-wave D(∗)D¯(∗)
and B(∗)B¯(∗)
. .
Configuration JPC BCN ChQM Exp.
DD¯ 0++ 3773.4 3796.8 3729.6
D∗D¯ 1++, 1+− 3908.0 3915.7 3871.7
D∗D¯∗ 2++ 4042.6 4034.6 4013.8
BB¯ 0++ 10604.0 10555.8 10559.0
B∗B¯ 1++, 1+− 10653.5 10596.7 10604.6
B∗B¯∗ 2++ 10703.0 10637.6 10650.2
To calculate the spectra of the four-quark states
D(∗)D¯(∗) andB(∗)B¯(∗), the Schro¨dinger equation Eq.(31)
is solved by using the four-quark wavefunction Eq.(21).
The converged results are obtained by taking the pa-
rameters of GEM as follows, α = 12, n = 7, N = 7,
and the ranges of sn for ρ are from 0.1 to 6 fm, and 0.1
to 2 fm for R and r, respectively. Entem and Ferna`ndez
believe the effective gluon massmg ranges from 0.6 GeV
to 1.2 GeV [44], so we calculated spectra of D(∗)D¯(∗)
and B(∗)B¯(∗) with mg=0 GeV, 0.9 GeV, 0.97 MeV,
1 GeV and without annihilation interaction. The re-
sults are listed in Table 4 and Table 5.
Table 4 Energies (in MeV) of S-wave D(∗)D¯(∗) and B(∗)B¯(∗)
with different effective gluon mass for the BCN model. ’No-
anni’ means without annihilation interaction
.
Configuration JPC ET ∆E ET ∆E
No-anni mg = 0GeV
DD¯ 0++ 3774.4 1 3774.6 1.2
D∗D¯ 1++ 3909 1 3909.2 1.2
D∗D¯ 1+− 3909 1 3909.2 1.2
D∗D¯∗ 2++ 4043.6 1 4043.7 1.1
BB¯ 0++ 10604.3 0.3 10604.0 0.4
B∗B¯ 1++ 10653.8 0.3 10653.9 0.4
B∗B¯ 1+− 10653.8 0.3 10653.9 0.4
B∗B¯∗ 2++ 10703.3 0.3 10703.0 0.5
mg = 0.9GeV mg = 1GeV
DD¯ 0++ 3765.1 -8.3 3773.1 -0.3
D∗D¯ 1++ 3891.8 -16.2 3905.4 -2.6
D∗D¯ 1+− 3907.9 -0.1 3908.7 0.7
D∗D¯∗ 2++ 4028.5 -14.1 4040.4 -2.2
BB¯ 0++ 10659.3 -34.7 10591.4 -12.6
B∗B¯ 1++ 10608.9 -44.6 10634.5 -19 .0
B∗B¯ 1+− 10643.4 -10.1 10650.9 -2.6
B∗B¯∗ 2++ 10650.5 -42.5 10684.9 -18.1
From Table 4 and Table 5, we can find several in-
tersting features. 1) If we don’t take into account the
annihilation interaction, no bound stats of D(∗)D¯(∗)
are found both in BCN and ChQM. However, there
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Table 5 Energies (in MeV) of S-wave D(∗)D¯(∗) and B(∗)B¯(∗)
for the ChQM. ’No-anni’ means without annihilation interac-
tion.
.
Configuration JPC ET ∆E ET ∆E
No-anni mg = 0GeV
DD¯ 0++ 3797.8 1 3798.0 1.2
D∗D¯ 1++ 3916.6 0.9 3916.9 1.2
D∗D¯ 1+− 3916.8 1.1 3916.9 1.2
D∗D¯∗ 2++ 4035.5 0.9 4035.8 1.2
BB¯ 0++ 10554.6 -1.2 10556.2 0.4
B∗B¯ 1++ 10592.4 -4.3 10597.2 0.5
B∗B¯ 1+− 10597.0 0.3 10597.1 0.4
B∗B¯∗ 2++ 10633.8 -3.8 10638.1 0.5
mg = 0.9GeV mg = 1GeV
DD¯ 0++ 3796.9 0.1 3797.3 0.5
D∗D¯ 1++ 3913.2 -2.5 3915 -0.7
D∗D¯ 1+− 3916.7 1.0 3916.7 1.0
D∗D¯∗ 2++ 4033.2 -1.4 4034.4 -0.2
BB¯ 0++ 10537.3 -18.5 10543 -12.8
B∗B¯ 1++ 10570.2 -26.5 10576.6 -20.1
B∗B¯ 1+− 10595.9 -0.8 10596.6 -0.1
B∗B¯∗ 2++ 10613.4 -24.2 10619.4 -18.2
are three states of B(∗)B¯(∗) with JPC = 0++, 1++, 2++
having the energies lower than the corresponding thresh-
olds in ChQM, due to the larger mass of the b quark
than that of c quark, which leads to the kinetic en-
ergy of former are lower than the latter. No state ap-
pears in BCN means that the meson-exchange inter-
action between u(d, s) and u¯(d¯, s¯) plays an important
role; 2) If we don’t take into account the effective mass
of the gluon in annihilation interaction, namely mg = 0
in Eq.(20), no bound state of D(∗)D¯(∗) and B(∗)B¯(∗)
are found both in BCN and ChQM since the annihi-
lation interaction is repulsive in this case. 3) With fi-
nite effective mass of gluon, almost all states under in-
vestigation can form molecules, having energies lower
than the corresponding thresholds, and the binding en-
ergies decrease with the increasing effective mass of
gluon. These results can be understood with the ex-
pression Eq.(20), where the magnitude of the denomi-
nator 4m2q −m2g increases with the increasing mg when
mg > 2mq ≈ 626 ∼ 674 MeV. So the results are sensi-
tive to the effective mass of gluon. We choose 0.9 ∼ 1.0
GeV for the effective gluon mass, which is in accord
with the effective constituent gluon mass found in the
study of gluon dynamics in Ref.[51] and the glueball-
quarkonia content of scalar-isoscalar mesons in Ref.[44].
For the D∗D¯ system, the D∗D¯ with JPC = 1++ has
about 2.5 MeV and 16.2 MeV binding energy for ChQM
and BCN, respectively. The reason for the difference
between two models is that the different masses of u, d
quark in BCN and ChQM are used, and the annihila-
tion interaction Eq.(20) is sensitive to the quark mass.
If we take 1 GeV for effective gluon mass in BCN which
was chose in Ref. [27], the same binding energy as that
of ChQM, 2.6 MeV is obtained. It is well known, the
X(3872) was first found by Belle Collaboration in the
J/ψpi+pi− invariant mass spectrum in the decays of
B± −→ K ± J/ψpi+pi−. D0, BaBar, CDF, CMS, BE-
SIII, and LHCb have later confirmed the X(3872) by
decays of B±,0 masons and pp collide, and affirmed the
quantum number IG(JPC) = 0+(1++). The average
mass of X(3872) listed in PDG is 3871.69± 0.17 MeV,
which is lower about 1 MeV than the threshold of D∗D¯.
Obversely, our result listed in Table 4 and 5 is agree
well with the experimental data when we choose rea-
sonable parameters, which are suggested by Giacosa,
Gutsche, and Faessler in Ref.[44]. The weakly bound
state of D∗D¯∗ with JPC = 2++ are also obtained in
our calculation. 4) For the B(∗)B¯(∗) system, four bound
states are obtained when we take into account the an-
nihilation interaction. The bound state of B∗B¯ with
JPC = 1+− is a good candidate for the Z0b (10610),
which is firstly found in the Υ (2, 3S)pi0 invariant mass
spectrum in the Υ (10860) → Υ (1, 2, 3S)pi0pi0 by Belle
Collaboration[52].
5 Summary
The constituent quark model is extended by introduced
the s-channel one gluon exchange interaction, which
does not appear in the conventional mesons of qq¯. We
dynamically calculate the spectrum of S-wave D(∗)D¯(∗)
and B(∗)B¯(∗) system in the extended quark models.
The annihilation interaction is repulsive if we don’t
take into account the effective gluon mass in it. How-
ever, if we take massive gluon propagator and reason-
able effective gluon mass in the s-channel one gluon
exchange interaction, two molecular states D∗D¯ with
IG(JPC) = 0+(1++) and B∗B¯ with JPC = 1+− are ob-
tained, which they are good candidates for the X(3872)
and Z0b (10610), respectively. The D
∗D¯∗ , B∗B¯∗ with
JPC = 2++, B∗B¯ with JPC = 1++ and BB¯ with
JPC = 0++ are also predicted in these extended con-
stituent quark models. Further experimental searches
by LHCb, BaBar, Belle and other collaborations are
needed to clarify whether these states exist or not.
In the present calculation, the one gluon annihila-
tion interaction with effective gluon mass plays an im-
portant role. The interaction does show up in the ordi-
nary mesons even with the same flavor because of the
color structure. The effective mass of gluon is a model
parameter, which does not bound much by the experi-
mental data. Because the calculated results are sensitive
to the effective mass of gluon, a better way to fix this
parameter is expected.
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